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Abstract. Ozone depletion by chlorofluorocarbons (CFCs) 1  Introduction

was first proposed by Molina and Rowland in their 1974

Nature paper. Since that time, the scientific connection beMolina and Rowland1974 were the first to propose that
tween ozone losses and CFCs and other ozone depletingzone could be depleted by the release of chlorofluorocar-
substances (ODSs) has been firmly established with laborabons (CFCs) to the atmosphere. The chemical breakdown of
tory measurements, atmospheric observations, and modelinGFCs and other ozone depleting substances (ODSs) in the
studies. This science research led to the implementation o$tratosphere releases chlorine (Cl) and bromine (Br) atoms
international agreements that largely stopped the productiotthat destroy ozone molecules in catalytic cycles. Ozone de-
of ODSs. In this study we use a fully-coupled radiation- pletion would result in an increase of biologically harmful
chemical-dynamical model to simulate a future world where solar ultraviolet (UV) radiation. Early predictions of ozone
ODSs were never regulated and ODS production grew atoss were 15-18% if CFCs added 5.5—7.0 ppbv of chlorine
an annual rate of 3%. In this “world avoided” simulation, to the stratospherd¢dudson and Reed 979. Continued sci-
17% of the globally-averaged column ozone is destroyed byentific research led to the writing of a series of reports that
2020, and 67% is destroyed by 2065 in comparison to 1980culminated in the first World Meteorological Organization
Large ozone depletions in the polar region become year{WMO)/United Nations Environment Program scientific as-
round rather than just seasonal as is currently observed in theessment of ozone depletioVi10O, 1985. This assessment
Antarctic ozone hole. Very large temperature decreases arprovided the scientific consensus that CFCs and halons posed
observed in response to circulation changes and decreasedserious threat to the ozone layer. In response, the land-
shortwave radiation absorption by ozone. Ozone levels ifmark Montreal Protocol agreement was negotiated in 1987
the tropical lower stratosphere remain constant until abou{Sarma and Bankobez2000. This agreement regulated the
2053 and then collapse to near zero by 2058 as a result gbroduction of chlorofluorocarbons and other ODSs. Since
heterogeneous chemical processes (as currently observed 1987, 193 nations have signed the Montreal Protocol. Five
the Antarctic ozone hole). The tropical cooling that triggers amendments to the Montreal Protocol have now led to the
the ozone collapse is caused by an increase of the tropicalessation of the major portions of ODS production around
upwelling. In response to ozone changes, ultraviolet radiathe world. The cumulative levels of chlorine and bromine
tion increases, more than doubling the erythemal radiation ifrom the ODSs are now decreasing in both the troposphere
the northern summer midlatitudes by 2060. (Montzka et al. 1996 and the stratospherdiiderson et aJ.
200Q Froidevaux et a).2006§. The work of Molina and
Rowland(1974) led to a major reorganization and redirection
of chemical production to substitute compounds, to changes
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The regulation of ODSs was based upon the ozone assesations and more realistically represent the polar latitude dy-
ments that presented the consensus of the science commnamics. State-of-the-art models now have complex feedback
nity. The regulation presupposed that a lack of action wouldamong the chemical, radiative, and dynamical processes.
lead to severe ozone depletion with consequent severe in- Here we employ the Goddard Earth Observing System
creases of solar UV radiation levels at the Earth’s surface(GEOS) chemistry-climate model to explore the ozone dis-
Because of the successful regulation of ODSs, ozone sciendgibutions that might have been without ODS regulations
has now entered into the accountability phase. There are twéa “world avoided”), updating and extending the results of
relevant questions in this phase. First, are ODS levels dePrather et al(1996 up to 2065. Because ozone is a ra-
creasing and ozone increasing as expected because of tldgatively active gas in both the ultraviolet and the infrared,
Montreal Protocol regulations? Second, what would havethe destruction of ozone alters the temperature and the wind
happened to the atmosphere if no actions had been takerdistributions, which then affects the transport of ozone and
That is to say, what kind of world was avoided? It is this other gases. Further, as temperatures change, ozone loss
latter question that is the focus of the present study. rates change, producing a feedback that further alters the

Two studies have modeled the impact of high levels of ozone distribution. Hence, a proper simulation of the “world
CFCs on ozone. FirstPrather et al(1996 modeled the avoided” requires a CCM with interactive radiation, chem-
ozone response to continued growth of the ODSs without thestry, and dynamics.

Montreal Protocol and its amendments. They hypothesized This “world avoided” estimate of ozone depletion is per-
that ODSs continued to grow at “business-as-usual” growthformed for a few basic reasons. First, scientists predicted
rates from 1974 into the early 21st century. Such ODSmassive ozone losses, actions were taken, and these losses
growth could have resulted from a lack of understanding ofhave not occurred. Hence, do the state-of-the-art models ac-
ozone depletion, a failure to regulate ODS production, andtually predict the large losses that were hypothesized in the
further development of technologies that used CFCs. In theirl980s? Second, such model estimates give an indication of
study, ODSs were allowed to grow by approximately 5—-7%the unforeseen impacts of large ozone losses on the chem-
per year, resulting in a total stratospheric chloring Givel istry and climate of the stratosphere. Such extreme simula-
of about 9 ppbv by 2002. They used a two-dimensional (2-tions are useful for evaluating theoretical expectations of dy-
D, or latitude-altitude) model with projected CFC and halon namics and chemistry (e.g., how does the tropopause change
levels to calculate a globally-averaged total ozone depletiorif the ozone layer is destroyed?). Third, a transient simu-
of 10% by 1999. SecondJlorgenstern et ali2008 used a  lation provides an ensemble of total chlorine and bromine
three-dimensional (3-D, or longitude-latitude-altitude) cou- values and their associated ozone losses, from small chlo-
pled chemistry-climate model (CCM) to simulate the impact rine values in the 1960s to high chlorine values in the 2060s.
of 9ppbv on the stratosphere in a timeslice or fixed time Because we cannot actually predict how large CFC and other
mode (equivalent to levels of £that they estimated would  ODS concentrations might have become, this simulation pro-
have been reached in about 2030). In their simulation theyides a large range of CFC levels from which to choose. Fi-
found peak ozone depletions-85%) in the upper strato- nally, and most importantly, this type of estimate provides
sphere, with additional ozone depletion in both polar regionsa quantitative baseline for assessing the impact of interna-
(>20%). tional agreements on ozone, UV radiation impacts, and cli-

In addition to the ozone studiegelders et al(2007) have  mate change. The acknowledged success of the Montreal
recently investigated the impact of unrestrained growth ofProtocol in the present is best measured against what might
CFCs on climate. They pointed out that because CFCs antlave been without that agreement.
other ODSs are also greenhouse gases, the ODSs would haveThe scope of this study is limited to describing the very
added an additional 0.8—1.6 Wh of radiative forcing by  large ozone losses and the subsequent rise of ultraviolet (UV)
2010 if the ODSs had continued to grow at 3—7% per yearevels. We only include highlights of the radiative, chem-
after 1974. Hence, the implementation of the Montreal Pro-ical, and dynamical effects in the stratosphere. The large
tocol has limited both ozone depletion and climate change. CFC perturbations used here lead to large chemical ozone

Prather et al(1996 were limited by using a fixed trans- losses and large dynamical changes that lead to large ozone
port 2-D model Jackman et al.1996 to produce their es- changes. In this study, we have not attempted to separate
timates of ozone loss. Since this version of the 2-D modelthese chemical and dynamical effects, but refer to them to-
did not include the feedback among radiative, dynamical,gether as ozone losses. There are eight sections including
and chemical processes, the model simulations were termithe introduction. Sectio2 describes the experiment with
nated when total ozone depletion reached 10%. Such signifisubsections on the model and the details of the simulations.
cant computed total ozone depletion was assumed to causgection3 describes the evolution of halogens in the model
large stratospheric changes, both radiatively and dynamiexperiments. Sectiod describes the evolution and distri-
cally. Models of the stratosphere have greatly improved oveibutions of ozone. Sectiorssand6 discuss some important
the last decade. 2-D models parameterize longitudinal variaaspects of the chemistry and dynamics, respectively. Sec-
tions, hence 3-D models better account for longitudinal vari-tion 7 provides estimates of surface ultraviolet levels. The
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final section provides a summary and discussion of some imefficiencies (sticking coefficient) are calculated for the appro-
portant aspects of this “world avoided” scenario. priate surface type: liquid sulfate, NAT, or ice, asKawa
et al. (1997 updated toSander et al(2003. The sulfate
aerosol surface area is based upon Stratospheric Aerosol and
2 Experiment Gas Experiment (SAGE) observations, and is specified as a
climatological zonal mean varying as a function of month,
The model simulations use the GEOSCCM, which is de-altitude, and latitude for non-volcanically influenced periods

scribed in detail byrawson et al2008. (Chipperfield et a].2003.
GEOSCCM has been compared to observations and other
2.1 Model description models and does very well in reproducing past climate and

key transport processeByring et al, 2006 Stolarski et al.
The model has a horizontal resolution &flatitude by 2.5 2006 Pawson et a]2008 Oman et al.2009. Pawson et al.
longitude with 55 vertical levels up to 0.01hPa (80km). (2008 showed good agreement between the ozone simula-
The dynamical time step is 7.5min. The model uses ations and observations, but noted a slightly high total ozone
flux-form semi-Lagrangian dynamical coreif, 2004 and  pias and a too cold and long-lived Antarctic vortexy Ghs
a mountain-forced gravity-wave drag scheme with a wavebeen estimated from observationslgry et al.(2007), and
forcing for non-zero phase spee@safcia and Boville1994  shows good agreement with the GEOSCCM valuggiag
Kiehl et al, 1998. The sub-grid moisture physics and radi- et al, 2007. In addition, hydrochloric acid (HCI) from
ation are adapted frorKiehl et al. (1998, as described by GEOSCCM has also been compared to observations and
Bosilovich et al.(2009. The model does not include ei- shows excellent agreemeriyring et al, 2006. Predic-
ther an internally generated or a forced quasi-biennial ostions from the GEOSCCM have been compared to other
cillation. The photochemistry code is based on the familymodel predictionsEyring et al, 2007), showing good gen-
approach, as described Bouglass and Kaw§1999 and  eral agreement with other CCMs. These comparisons of both
uses the chemical kinetics froander et al(2003. Tro-  ozone and chlorine observations give us high confidence in
pospheric ozone is relaxed to a climatologygan 1999 the GEOSCCM projections.
with a 5-day time scale. A total of 35 trace gases are trans-
ported in the model. Gases with surface sources are specifiegl2 Model simulations
as mixing ratios in the lowest model layer (e.g., “greenhouse
gases” such as carbon dioxide (gJ@nd “ozone-depleting There are four simulations used in this study: reférence
gases” such as CFC-11. The coupling between the chemicglast, a “reference futurg a “fixed chloriné (with chlorine
and physical state of the atmosphere occurs directly througlevels fixed at the 1960 level), and th&/ORLD AVOIDED.
the GCM's radiation code. The model-simulated water va-Table 1 summarizes the four simulations. Figures in this
por (HO), CO,, ozone (Q), methane (Chl), nitrous ox-  study that compare the simulations use color to distinguish
ide (N2O), CFC-11, CFC-12, and HCFC-22 are used in thebetween them, using blue for tiheference pastred for the
radiation computations. The same Alb Intergovernmentateference futuregreen for thefixed chlorine and black for
Panel on Climate Change (IPCC) greenhouse gas scenarthe WORLD AVOIDEDThe first three simulations have been
(Table 11.2.1, ISAM model reference, and Tables 11.2.2 and described byPawson et al(2008 and Oman et al(2009.
11.2.3 from Houghton et a].2001]) is used for CQ, CHg, and  Thereference pasandreference futursimulations have also

N20O in all of our simulations. been described b¥yring et al. (200§ and Eyring et al.
Processes involving polar stratospheric clouds (PSCs) us€007), respectively.
an update of the parameterization describedCmynsidine The reference passimulation is an attempt to simulate

et al.(2000. In this approach PSC particles composed of ni- the past observations of the atmosphere. Hence this simula-
tric acid trihydrate (NAT) or water ice form instantaneously tion is forced by the observed ODSs at the surfader(tzka
when the ambient mixing ratios of nitric acid (HNYor HoO et al, 2003, and uses the observed sea surface temperatures
are above the respective saturation mixing ratio, which is SSTs) and ice distributiorR@ayner et al.2003. Therefer-
function of temperature and pressure (an@Hnixing ratio  ence futurds an attempt to simulate the future using our best
for NAT). No supersaturation is required for PSC formation guesses for future ODS#$/pntzka et al. 2003 and SSTs.

in this simulation. PSC reactive surface area is calculatedrhere are twaoeference futursimulations shown herein. All
from the amount of condensed mass assuming a prescribeaf the reference futurglots versus time use the same simu-
particle number concentration for either ice or NAT. Particle lation shown byEyring et al.(2007) that was forced with the
sedimentation follows from a log-normal size distribution. HadGEM1 SSTs. All of the zonal mean difference plots use
In the simulation of the “world avoided”, both NAT and ice a reference future simulation that is forced with the National
sedimentation directly redistribute HN@nd HO vertically =~ Center for Atmospheric Research (NCAR) Community Cli-
between grid boxes; no separate dehydration parameter imate System Model version 3 (CCSM3) SSTslins et al,
needed as ionsidine et al(2000. Heterogeneous reaction 2006. This second reference future simulation (B in Table
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Table 1. GEOSCCM simulations description

Simulation Yearrange  ODS scenario Prescribed SSTs
Reference past 1950-2004 AB Observations: HadISSP1
Reference future 1996-2099 AB A: HadGEMT
2000-2099 B: NCAR CCSM3 SRESA1B
Fixed chlorine 1960-2100 AB, fixed to 1960 1960-2000: Observations: HadIS5T1
2001-2100: NCAR CCSM3 PCMDI
WORLD AVOIDED 1974-2065 +3% per year 1974-2049: NCAR CCSM2 SRESA1B

2050-2065: NCAR CCSM3 SRESA1B

@ Montzka et al(2003
b Rayner et al(2003
¢ Johns et al(2006

is used because the SSTs are consistent withMlERLD  also a greenhouse gas, so stratospheric ozone changes also
AVOIDED simulation in the period from 2050 to 2065. The provide a radiative forcing of the troposphere. The pre-
differences between these tweference futuresimulations  scribed SST used herein acts as a thermal sink, constraining
are quite small in the stratosphere. the troposphere to evolve in parallel with Alb greenhouse
The WORLD AVOIDEDsimulation extends from 1974 gas growth rather than with the additional radiative forcing
through 2065. This simulation is driven by one of the mixing from the higher levels of CFCs. Assuming a climate sen-
ratio scenarios establishedVielders et al(2007. The ODS  sitivity parameter of 0.5 KW m~2)~! (Ramanathan et al.
estimates are based upon a scenario (their MR74) wherei#989, the additional CFCs would contribute a surface warm-
production of the CFC-11, CFC-12, CFC-113, CFC-114,ing of very roughly 0.25K by 2010 following th&elders
CFC-115, carbon tetrachloride, methyl chloroform, HCFC- et al.(2007) estimates of the CFC induced radiative forcing.
22, HCFC-142b, halon 1301, and methyl bromide increasegience, theWVORLD AVOIDEDtroposphere and oceans are
annually at 3% per year beginning in 1974. In this scenario,too cold compared with what would develop for the same
there was no early warning of the danger of CFCs as actuallygcenario using an AOGCM. Furthermore, the extreme UV
occurred because dflolina and Rowland1974. The 3%  levels simulated here would also impact tropospheric chem-
per year production growth is lower than the observed growthistry, tropospheric ozone radiative forcing, and biogeochem-
of 12—-17% in CFC production in the period up to 1974. Theical processes. The GEOSCCM model is a stratosphere-only
surface total chlorine reaches a level of 9 ppbv in 2012. Inchemistry model that uses a climatological distribution of
contrast, the CFC growth used Rrather et al(1999 was ozone in the troposphere. While tropospheric reductions of
approximately 7% and Greached a level of 9 ppbv in about 0zone are evident in the model's ozone field, these reduc-
2002.Morgenstern et a(2008 compared two fixed Gllev- tions are solely a result of the advection of low ozone from
els of 3.5ppbv and 9 ppbv in their timeslice simulation. In the stratosphere.
our WORLD AVOIDEDsimulation, the upper stratospheric ~ We also simulated th&/ORLD AVOIDELusing a coupled
Cly reaches 9 ppbv in about 2019. chemistry 2-D model with th&elders et al.(2007) MR74
Reliable estimates of surface temperature changes capcenario. This 2-D model is an updated version of that used
only be made using coupled atmosphere-ocean general ciRy Rosenfield et al(2009. This is also an improvement
culation models (AOGCMs)Houghton et a.1990. Inour  Over the 2-D model oPrather et al(1996 that utilized pre-
CCM we attempt to overcome this problem by using SSTsScribed transport fields that did not interact with the evolu-
that are consistent with increasing greenhouse gases. THON of the chemical fields. Our newer model has fully in-
SSTs and sea ice used in tMeORLD AVOIDEDsimula-  teractive chemistry, radiation, and dynamics, and includes a
tion are derived from two integrations of the NCAR Commu- Parameterization of eddy effects that interact with the mean
nity Climate System Model, from the version 2 (CCSM2) for Circulation Garcig 1991). While the dynamics, chemistry,
1974-2049 and from the CCSM3 for 2050-2065. The latterand physics of the GEOSCCM and the 2-D model are very
is from an IPCC AR4 integration, but both are consistent with distinct, the newer 2-D model results are in good quantita-
the IPCC Alb scenario growth of greenhouse gases. A limiive agreement with the results herein from the GEOSCCM
itation of this prescribed SST approach is that it is inconsis-WORLD AVOIDEDsimulation.
tent with the growth of the ODSs in oMWORLD AVOIDED
simulation. Since ODSs are also greenhouse gases, they in-
troduce a direct radiative forcing in the atmosphere (less so
in the stratosphere since CFCs are destroyed there). Ozone is
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Fig. 2. Annual average global ozone for tNéORLD AVOIDED
Fig. 1. EESC versus year for th&vORLD AVOIDEDas globally-  (solid black),reference futuréred),fixed chloring(green), andef-
averaged from the model's inorganic chlorine and bromine aterence past(blue) simulations. The curves are smoothed with a
4.5hPa (thick black line). The magenta lines show scenarios fromGaussian filter with a half-amplitude response of 20 years, except
the Montreal Protocol, the London Amendments, and the Copenfor the WORLD AVOIDED which is unsmoothed. The dashed line
hagen Amendments. The red line indicates the estimate of ODShows the 2-D coupled model simulation of the “world avoided”.
evolution in the Ab scenario and the blue line indicates observa-The thin horizontal lines indicate the 220-DU level (the level usu-
tionally based EESCMontzka et al, 2003. The green line shows  ally indicating the areal extent of the Antarctic ozone hole) and
the fixed level of 1960 chlorine (1.2 ppbv). EECI for tORLD  the 310-DU level (the 1980 global value). The inset shows the
AVOIDEDis shown as the dark purple line. WORLD AVOIDEDtotal ozone plotted against global annually-

averaged EESC at 4.5 hPa from Fig.

3 Atmospheric halogens ) ) ) . ]
ture simulation has a peak in total chlorine of 3.4 ppbv with

a decrease that matches the observed 0.8% per year, again
giving us good confidence in our ability to simulate chlo-

alent effective chlorine (EECI) fronvelders et al.(2007) E%%llei\ée::éczgﬁtgénfolrag b?g?;g;ﬂiimgdﬁéiiﬁg é;g;,ze
(purple line) that is used as the surface mixing ratio bound- y
ary condition in theWORLD AVOIDEDsimulation. This surface to the upper stratosphered¢6 years). The EESC

EECI is estimated by totaling all of the inorganic chlorine theoretical estimates (again followigewman et al.2007)

and bromine separately and then adding them with the inora"® shown for the Montreal Protocol, the London Amend-

ganic bromine multiplied by a factor of 60 to account for the ments, the Copenhagen Amendments, observations, and sce-

greater efficiency of bromine for ozone destruction. nario Ab Montzka et al. 2003. The current Al scenario

] _ _ ) (Daniel et al, 2007 is not shown here, but nearly overlaps
The effective equivalent stratospheric chlorine (EESC)inhe ab scenario in Figl.

(thick black line) is calculated in Fid. from the model out-

put by summing the globally-averagedyGnd total strato- 461y 1.2 ppbv (noted at the left in Figj). In the Ab sce-
spheric bromine (Bj) at 4.5hPa with a Brscaling factor 415 "the EESC reached a peak level of about 4.3 ppbv in
Of_ 60. TheWORLD A_VOIDEDEESC is somewhat uncer- approximately 2002. Thg&/ORLD AVOIDEDscenario has
tain because the scaling factor of 60 used for the estimatgcgc increasing to 11.5ppbv by 2020 and 29.6 ppbv by

of the By, contribution will change at very high concentra- 5450 |n contrast, scenario Ab has EESC falling to 3.8 ppbv
tions of Cl; (Danilin et al, 1996. We also theoretically es- ;50920 and 2.8 ppbv by 2050.

timate EESC followindgNewman et al(2007%), using the sur-

face mixing ratio estimates and fractional release rates for

each species, and an age spectrum with a 6-year mean age. Ozone

This theoretical EESC (not shown here) overlaps the model

EESC, giving us good confidence in these model estimatedrigure 2 displays the global annual average total ozone
In addition, Froidevaux et al(2006 estimated total chlo- levels from the four simulations. Total ozone falls from
rine from Microwave Limb Sounder HCI observations in the about 315DU in 1974 to about 110DU in 2065 in the
upper stratosphere as approximately 3.6 ppbv in 2006 withVORLD AVOIDEDsimulation. Approximately 27 DU of

a slow decrease of about 0.8% per year. Tdéference fu- this annually-averaged total ozone is in the troposphere over

In this WORLD AVOIDEDsimulation, stratospheric ODS
levels increase rapidly after 2000. Figdrehows the equiv-

The natural level of EESC is estimated to be approxi-
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the entire period. A value of less than 220 DU is nominally 500¢ - - - - - .
used to estimate the location and areal extent of the Antarc- - fixed CI (1970) ]
tic ozone hole. The global annual average passes 220 Dus 400§_ -
shortly before 2040. A
Figure 2 also shows th&VORLD AVOIDEDsimulation o :
(with the same ODS scenario) using the coupled chemistry o 300¢
2-D model (dashed line). The 2-D model shows less o0zoneQ 3
prior to 2000. However, in spite of the large differences in © 200¢
these model implementations (e.g., 2-D vs. 3-D, chemical o
schemes, dynamical parameterizations, etc.), the two models
show very good agreement after 2000, which provides confi-
dence in the magnitudes of the ozone losses. F 3
This good agreement between the 2-D and 3-D models is 0t L - s . L 3
not surprising in light of previous studies, which showed that -90 -60 -30 0 30 60 90
. : Latitude
the zonally-averaged stratospheric ozone and tracer fields
simulated by 3-D models were well represented by self-
consistent 2-D model simulations on time scales of 30 daysrig. 3. Annually-averaged total ozone versus latitude for various
or longer (e.g.,Plumb and Mahlman1987 Yudin et al, years from theVORLD AVOIDED(black), reference futurdred),
2000. Also, our previous work has shown that a 2-D model fixed chlorine(green), andeference pasfblue) simulations. The
framework can successfully reproduce many of the transportpole-to-pole area-weighted averages are shown inZig.
sensitive features seen in a variety of stratospheric ozone and
tracer observationd={eming et al. 1999. The good 2-D/3-
D model agreement also illustrates that the propagation anéePproximately 20 DU in the Antarctic, 24 DU in the Arctic,
breakdown of planetary waves in the stratosphere, and th@nhd 20 DU in the tropics, with a global average tropospheric
related interactions with the zonal mean flow, are well rep-column of 27 DU).
resented by the linearized planetary wave parameterization In the WORLD AVOIDEDsimulations polar total ozone
used in our 2-D modelGarcig 1991), even in this highly  also shows severe losses. Over the Arctic (Ba), ozone
perturbedVORLD AVOIDEDscenario. decreases from values near 500 DU in the 1960-1980 period
The sensitivity of total ozone to chlorine is roughly linear to less than 100 DU by 2065 (an 80% depletion over approx-
over the time period simulated. The inset to Figshows  imately an 80-year time span). Approximately 24 DU of this
the total ozone plotted against the model EESC. The ozoné&maining Arctic column is in the troposphere. The insetim-
level is linearly anti-correlated with the EESC level. While ages show the April monthly averages for 1980, 2020, and
the temporal tendency in Fig shows an accelerating decline 2040. In 1980, the large column amounts cover the Arctic
(i.e., the change between 2040 and 2060 is greater than th&gion (values-500 DU). By 2020, a distinct “ozone hole”
change between 2020 and 2040), this is a result of the acceminimum has developed over the Arctic with a low value
erating increase of ODSs, rather than a greater sensitivity t&i€ar the pole that is less than 200 DU. By 2060 values of less
ODSs. than 100 DU are found over the Arctic. The positive gradient
Substantial reduction of ozone occurs at all latitudes in theof 0zone between the midlatitudes and the pole seen in 1980
WORLD AVOIDEDsimulation. Figure3 shows annually- has disappeared by 2060.
averaged total ozone for a series of years from all four sim- Over Antarctica (Fig4b), the October average drops be-
ulations. The total ozone in 1970 is represented byfikeel  low 100 DU in approximately 2025 and continues to slowly
chlorine andreference passimulations (both have compa- decrease to about 50 DU by 2060. Of this 50 DU, approx-
rable EESC levels in 1970, see Fij. These simulations imately 20DU is found in the troposphere. The inset im-
are in reasonable agreement with observations Pseeg- ages show the October averages for 1980, 2020, and 2060.
son et al. 2009 with a global total ozone average of about In 1980, a distinct ozone low is seen over Antarctica. By
310DU. Thereference futurend WORLD AVOIDEDsim- 2040, this low has considerably deepened, and by 2060 ex-
ulations show substantial ozone losses by 2000 as ODSs ifremely low values are observed across Antarctica and into
crease. This loss trend continues as ODSs increase, such thaidlatitudes. These October images also show the very large
global total ozone has fallen to a value of about 120 DU bydepletions of ozone in the midlatitude collar region.
2065 in theWORLD AVOIDEDsimulation. The midlatitude Antarctic ozone, at the profile peak-$0 hPa), reaches
maximum in both hemispheres has virtually disappeared byl00% loss by 2000 (saturation), as observed in ozonesondes
2065, and annually-averaged polar values have dropped béSolomon et al.2005. This saturation occurs because of the
low 100 DU. In addition, this midlatitude maximum slowly colder Antarctic temperatures and thereby greater coverage
shifts equatorward in both hemispheres. A substantial porof PSCs and cold sulfate aerosols. The heterogeneous reac-
tion of the remaining total column is found in the tropospheretions on the surfaces of these PSCs and aerosols fully activate
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Fig. 5. Total ozone from th®/ORLD AVOIDEDsimulation ovela)
the Arctic (70-90° N average) andb) the Antarctic (760-90° S
Fig. 4. Total ozone ir(a) April for the Arctic and(b) October forthe  average) versus day of the year for a selected set of years from 1980
Antarctic for theWORLD AVOIDED(black),reference futurgred),  to 2065. The years are alternated black and grey for illustrative

fixed chlorine(green), andeference pastblue) simulations. The  pyrposes. The Arctic values are shifted by 6 months (note the break

curves are smoothed with a Gaussian filter with a half'amplitudebetween 31 December and 1 January) for Comparison to the Antarc-
response of 20 years, except for WORLD AVOIDED which is tic.

unsmoothed. The inset false-color images show (a) April and (b)
October averages for 1980, 2020, and 2060 with 20-DU color in-

crements (see inset scale). reaches a 220-DU level in about 2030. The observed au-

tumn through winter increase of ozone is clearly seenin 1980

(Bowman and Krueged 985, but by 2020 this has been in-
chlorine, leading to massive ozone loss. Hence, infigve  verted to a decrease. A comparison of the 1980 values with
see a rapid ozone decline before 2000 with a slower declin@040 reveals a complete phase shift of the annual cycle.
after 2000 as ozone losses expand into the regions above andThe Antarctic annual cycle (Figbb) shows a worsen-
below 50 hPa. In contrast, Arctic total ozone decreases Iin1ng spring situation. The development of the ozone hole
early because saturation effects do not occur (&mpathi s clearly seen in the spring by comparison of 1980 to the
etal, 2007). 1990 and 2000 curves. The ozone hole continues to worsen

In addition to radical changes in the spring polar columninto the 21st century with lower values and earlier onsets of

amount in theVORLD AVOIDEDsimulation, the annual cy- the minimum value. Also note that the spring-to-summer
cle of total ozone over the polar regions is also radically al-increase of ozone has weakened by 2030, thereby creating
tered. Figures displays the column values versus the day of a year-round ozone hole. This weak summer increase re-
the year over the Arctic (Figha) and the Antarctic (Fighb) sults from the decreased advection into the Antarctic region
at 10-year increments from 1980 to 2060, with the additionas ozone is depleted in both the upper stratosphere and mid-
of 2065. The Arctic (Figha) peak levels in the early years latitude middle and lower stratosphere. By 2050 the annual
(1980-1990) occur in the springtime. Large depletions in thecycle of ozone over Antarctica is relatively small because of
Arctic spring become apparent by the late 1990s, and graduthe very strong in situ depletion and the lack of advective
ally worsen in later years. As seen in Fig, the April ozone  resupply of ozone to the Antarctic region.

www.atmos-chem-phys.net/9/2113/2009/ Atmos. Chem. Phys., 9, 21282009
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Fig. 7. Annually-averaged ozone (50 hPa,°B-10 N) for the
Fig. 6. Percentage total ozone difference betweenW@RLD  WORLD AVOIDED(black), reference futurered), fixed chlorine
AVOIDED and thereference futuresimulations for a decadal aver- (green), andreference pasiblue) simulations. The curves are
age (2055-2065). The dashed contours are in 20% increments whilgmoothed with a Gaussian filter with a half-amplitude response of
colors are in 10% increments. The magenta line showsw®®LD 20 years, except for th&/ORLD AVOIDEDwhich is unsmoothed.
AVOIDEDtropopause. The white lines show the zonal-mean zonal

winds (easterlies are dashed) for WORLD AVOIDEDsimulation. 50 hPa, 10°S—10°N, February
2 T T T T

The WORLD AVOIDEDsimulation has its largest losses H 3915?
in two distinct vertical layers: the lower stratosphere (200— L 2040, 2000
30hPa), and in the upper stratosphere (2hPa). Since most & [ 2050 g+ 72020
of the ozone is found in the lower stratosphere, the lower g_ r *
stratospheric losses dominate the column losses seen b Fig. £ 17 +%|2053
through Fig.5. Figure 6 displays the 2060 difference in o 20554
annually-averaged ozone losses as a function of altitude and § | h
latitude between th&/ORLD AVOIDEDand thereference o 2057
futuresimulations. The annually-averaged losses in the 200— 22065 2060 o
30 hParegion of Antarctica exceed 90% in the region extend- ol ®ner ‘
ing out to the edge of the polar vortex (the peak of the zonal 180 190 200 210
mean winds is colocated with the polar vortex edge). Arc- Temperature (K)

tic lower stratospheric annually-averaged losses also exceed
90% by 2060. In addition to the polar loss, a large tropical

. U . .
lower stratospheric loss-(70%) is also observed in the_?O (also at 50 hPa and $&-1C N, as in Fig.7). Certain years are
30 hPalayerMorgenstern et a(2008 showed a very similar . . .

. . highlighted in magenta.

pattern of upper stratospheric losses and polar losses in com-
parison to outWORLD AVOIDED2020 to 2000 differences.

Upper stratospheric losses exceed 60% over a large latipospheric lifetime can be much longer than 5 days during
tude width in the 5-0.5 hPa region, with peak losses abovegolar night, for example. The small increase of ozone just
70% in the midlatitudes. Middle stratosphere losses arebelow the tropical tropopause is probably related to the in-
somewhat less (40—-60%) in the 5-3 hPa layer. In additiorcreased vertical lifting.
to the stratospheric losses, ozone losses extend into the tro- The ozone loss in the tropical lower stratosphere occurs
posphere (the tropopause is indicated by the magenta line oaxtremely rapidly in theVORLD AVOIDEDsimulation in
Fig. 6). The GEOSCCM model relaxes to a fixed ozone cli- the six-year period from 2052 through 2058. Figdrghows
matology in the troposphere with a 5-day time scale, hencethe annual average of ozone in the tropics°(@910 N)
the decrease of ozone in the troposphere is caused by adveat 50 hPa from th&VORLD AVOIDEDsimulation. Ozone
tion of ozone-depleted air into the troposphere. The conshows a slow decline from the 1960s to the 2050 period
tribution of stratospheric ozone loss to the troposphere isas the residual circulation accelerat@n{an et al. 2009.
likely underestimated, at least seasonally, since ozone’s troFigure 8 shows the February ozone values plotted against

Fig. 8. The FebruarfWORLD AVOIDEDozone versus temperature

Atmos. Chem. Phys., 9, 2113128 2009 www.atmos-chem-phys.net/9/2113/2009/
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Fig. 9. Arctic lower stratosphere sand chart of@ersus year from  Fig. 10. As in Fig.9 except for 1 February and 16-10 N.
the WORLD AVOIDEDsimulation for 1 March, 52 hPa, and 80

90° N. The individual contributions of various species tq, @re

shown in CO'Qr (see C°|°.r bar). Also shown is ozone averaged OV€hzone hole has become well established by 2020 with low in-
the same region (black line).

situ ozone, high levels of reactive chlorine specieg)Gind
low column ozone. The very low ozone levels after 2030 are

the corresponding temperature. The ozone decrease quick@p_compamed by the preponderance of HCI in t.h,er@i;er-
accelerates as temperatures drop below about 200K in thyoir. This HCI dominance results from the reaction of the Cl

2052-2058 period. This is a result of ozone loss cycles tha ith CH, and the disappearance of,Glpecies when ozone
P y (}g)vels approach zer®puglass et al1995.

are accelerated by heterogeneous processes in this period ] o
A notable result of th&VORLD AVOIDEDsimulation is

be discussed in the next section). ! - k =
the extremely rapid tropical lower stratospheric depletion in
the 2052—-2058 period (see Fif. Figure8 shows the strong

5 Chemistry relationship of temperature to lower stratospheric ozone, sug-
gesting that the rapid ozone loss results from a nonlinear
Stratospheric ozone levels in tW¢ORLD AVOIDEDsim- interaction of the cooling of the tropical lower stratosphere

ulation are severely depleted by the chlorine catalytic lossand heterogeneous chemistry. Figliedisplays the tropical
cycles. Furthermore, the relative fractions of chlorine, lower stratospheric Glpartitioning versus year at 52 hPa and
bromine, nitrogen, and hydrogen compounds are also drastiLl0® S-10 N for 1 February of each year. HCI (80-85%) and
cally changed. The CI@ CIO and CIO+ BrO catalytic cy-  CIONO; (10-15%) dominate Glin the 1975-2050 period.
cles dominate ozone loss in the Arctic and Antardtiolina During the 2052-2058 period, the levels of reactive chlorine
and Moling 1987). Figure9 displays the Gl partitioning ~ (Cl202 and CIO) suddenly increase from a few percent to
versus year in the Arctic (869C0° N average, 52 hPa — the about 20% of the total, while CIONfdrops from 20% to
model level nearest 50 hPa) for 1 March of each year. Theonly 1-2% of the total. Concurrent with the rapid increase
Cly does not grow smoothly (as shown in Fig.because of  of the reactive chlorine, the ozone drops to near zero (black
year-to-year transport variability and because thei€bnly lines in Fig.7 and Fig.10). The rapid repartitioning of the
shown for 1 March. The individual species are indicated bychlorine budget results from the increased reactivity of HCI
the color bar, with dominant species HCI, chlorine nitrate and CIONQ on sulfate aerosol particles as the lower strato-
(CIONO,), and chlorine oxide (GD»). Up to about 2025, sphere cools and ¢increases. Such increased reactivity has
the reactive chlorine provides a major fraction of thg,Cl been observed over Antarcticiigwa et al, 1997). “Ozone

but by 2035 the reactive species are only a minor componenfiole” chemistry appears in the tropical lower stratosphere in
with HCI dominating C}. This region is still largely in polar ~ about 2052, leading to complete lower stratospheric ozone
night (solar zenith angle-87.7), hence, the reactive £ls loss by 2058.

mainly found in ChO,. The ozone levels are indicated by  The evolution of water vapor in th&/ORLD AVOIDED

the superimposed black line. Polar lower stratospheric ozonsimulation generally follows the #D trends shown bman
falls below 1 ppmv in the 2020s and remains low throughet al.(2009. However, the strong cooling (see Fif).asso-
2065 with some minor variations that are a result of transportiated with this tropical ozone decrease also leads to a re-
and temperature variations (less loss in warmer winters andnoval of about 1 ppm of water throughout the stratosphere
more loss in colder winters). Comparison of the ozone levelsby 2060. This water is removed in the tropical layer between
in Fig. 9 with the total ozone in Figda shows that an Arctic  about 100 hPa and 50 hPa.

www.atmos-chem-phys.net/9/2113/2009/ Atmos. Chem. Phys., 9, 21282009
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Fig. 11. Annually-averaged temperature difference (K) between Fig. 12. Average January zonal-mean zonal wind differences
the WORLD AVOIDEDand thereference futursimulations for the  (ms~1) between theVORLD AVOIDEDand thereference future
2055-2065 period. Contour increments are 2 K, while color in- simulations for the 2055-2065 period. Contour increments are
crements are 1K. The thick black (red) line shows WORLD 10ms 1, while color increments are 5 n$. The thick black (red)
AVOIDED (reference futurg tropopause. The white lines show line shows theWORLD AVOIDED(reference futurgtropopause.
streamlines for the residual circulation differences between theThe white lines show average January zonal-mean wind in the
WORLD AVOIDEDand thereference futuresimulations over the ~ WORLD AVOIDEDsimulation over the period.

period. Thicker streamlines indicate increased flow strength.

tropical lower stratosphere. The shortwave heating remains
6 Dynamics and transport roughly constant up to 2045 because of the balancing effect
of the UV penetration and ozone changes. As ozone de-
The large ozone depletions in tNéORLD AVOIDEDsim-  creases in the upper stratosphere greater UV flux penetrates
ulation lead to remarkable changes in dynamics and transto 50 hPa, but as 50-hPa ozone decreases the UV flux absorp-
port, including large temperature decreases by the middle ofion decreases, resulting in only very small changes to the
the 21st century. Figurél displays the temperature change shortwave heating. As the increasing tropical lower strato-
between theVORLD AVOIDEDandreference futuresimu-  sphere lifting continues to cool the lower stratosphere, tropi-
lations during the 2055-2065 decade. Cooling is observedal lower stratospheric temperatures cool below the threshold
everywhere in this simulation except in the troposphere andor forming stratospheric clouds and heterogeneous chemical
at 36 km over Antarctica. The cooling at 1 hPa exceeds 20 Kprocesses lead to more ozone loss. The larger ozone losses
Shortwave heating at 1hPa is directly proportional to thethen lead to less shortwave heating which further cools the
ozone concentration. As ozone decreases the shortwave heddwer stratosphere, producing a positive feedback that ac-
ing decreases and the upper stratospheric temperature deelerates the ozone loss. This positive feedback leads to
creases. the complete collapse of lower stratospheric ozone between
The warming at 36 km over Antarctica in Fifjl results 2052 and 2058 (Fig7). This same ozone collapse is also
from the dynamical heating caused by the increased downsimulated in the coupled 2-D mod&lORLD AVOIDED
welling. The white stream lines in the plot show the dif- Changes of ozone and temperature result in zonal-mean
ference between the residual circulations in tW®RLD  zonal wind changes. Figurg displays the change during
AVOIDEDandreference futursimulations. Aliftingleadsto  January between theference futurandWORLD AVOIDED
additional cooling, while sinking motion causes a dynamical simulations averaged over the 2055-2065 period (with the
warming. The thick black and red lines show the positions ofmean JanuartWORLD AVOIDELxonal winds superimposed
the tropopause in both tAWORLD AVOIDEDandreference  as the white lines). In the Southern Hemisphere (SH) the
future, respectively. This tropopause is defined with respectmid-summer easterlies in theference futursimulation are
to a change in Brunt-&isalla frequency. As is clear from the replaced with westerlies extending to 1 hPa in WORLD
plot, the tropopause increases in altitude at all latitudes as AVOIDED simulation. The colder SH polar stratosphere
result of the stratospheric cooling. leads to a large increase in the tropopause altitude. At 10 hPa
The WORLD AVOIDEDcooling in the tropical lower and 65 S the change is approximately 45 mswhile the
stratosphere results from the combined effects of an increas&/ORLD AVOIDEDmean winds are slightly higher than
of the vertical lifting (note the residual circulation stream- 40msL. The complete reversal of the usual summer east-
lines in Fig.11) and decreased shortwave heating in theerlies indicates that the SH stratosphere has slipped into a
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permanent winter across the seasons by 2065. The North- 48
ern Hemisphere (NH) winter polar vortex is slightly weaker 42
in mid-winter in theWORLD AVOIDED but this difference

is not statistically significant. In contrast to the SH, the NH ’5‘3
does switch to a summer or easterly circulation in the spring=< 3
because the NH tropospheric wave forcing of the strato- £
sphere is very large in the spring. However, the NH summer%
stratosphere is significantly colder in the summer becauseT 18§
of the lack of shortwave heating. In addition to these po-

o o

lar vortex results, the upper side of the subtropical jet (80 12 ;
70 hPa) is about 5 nT$ stronger in January. 6F——— — Y] ;

The large ozone losses also induce changes in the transport g f ) ) : . ) 11000
of trace species in the stratosphere. FiglBshows the dif- 90 -60 -30 0 30 60 90
ference in mean age-of-air between IN©ORLD AVOIDED Latitude

andreference futuresimulations during the 2055-2065 pe-
gifz.icgr]?hgte i(’:lr::rigzéss (I:iil((a:::f;;/teé\(lji tlf? ttirr}rferg(t)?ﬁtla bsiggzgcgr;%ig. 13.Asin Fig. 1;Lexcept for mean age-of-air d?ﬁerencgs in units
. i i . . ! f years. Contour increments are 0.2 years, while color increments
then Compu““g the_t'me difference at varlou_s points of theare 0.1 years. Letters indicate points of interest in the text.
atmosphere with this age tracer at the tropical tropopause
(100 hPa, 20S-20 N). Oman et al.(2009 have recently
shown that there is a near linear decrease of mean age ovgr UV changes
the late 20th and 21st centuries in teéerence pasandref-
erence futuresimulations. In th&VORLD AVOIDEDsimula- ~ As a result of the large ozone depletions, the surface UV
tion, the large ozone depletion leads to additional decreaseseaches extreme levels. To illustrate these changes we have
of the mean age-of-air by more than one year in the extratcalculated the surface UV flux in the northern midlatitudes
ropical stratosphere. Much of this age decrease arises frorat the height of summer (2 July at local noon) for the
the increase of the vertical lifting. The residual circulation WORLD AVOIDEDsimulation. UV calculations were done
is shown in Figsl1 and13as the transparent white arrowed for a cloud-free atmosphere using Atmospheric Laboratory
lines. Vertical lifting in the tropics (50 hPa, 18-10 N) has  for Applications and Science 3 (ATLAS-3) extraterrestrial
changed from 15 mdt in the reference future to 25nmd (ET) solar flux and the Total Ozone Mapping Spectrometer
in the WORLD AVOIDEDsimulation (a 65% increase in up- radiative transfer (RT) code (TOMRAD). In the TOMRAD
welling). In addition, there is decreased rising motion abovecode, the atmosphere is assumed to be plane-stratified, with
50 hPa (point A in Figd3). This fresh young air from the Rayleigh scatteringRates 1984, WORLD AVOIDEDozone
troposphere then spills poleward decreasing the mean age ind temperature profiles, and prescribed surface albedo. The
the extratropics (point B). solution method is based on the successive iteration of the
Circulation changes are also apparent in the middle-to-auxiliary equation of the RTave 1964 1965 Dave and
upper stratosphere. The downward circulation (point C inFurukawa1966. The calculations of atmospheric transmis-
Fig. 13) is caused by the changes in the mean zonal windssion were done at the original sampling wavelengths of the
As noted byStolarski et al(2006, the ozone losses caused ozone cross-sections measuredBass and Pay(1985 and
by the Antarctic ozone hole help the polar vortex persist intoPaur et al(1985, with steps~0.05nm. The transmittance
the summer period. The presence of westerly winds in thevalues were linearly interpolated to the vacuum wavelengths
late spring and summer allows planetary waves to propaof the high resolution ET solar flux data (ATLAS-3 Solar Ul-
gate vertically and deposit easterly momentum in the uppetraviolet Spectral Irradiance Monitor ET) and multiplied by
stratosphere, inducing a poleward and downward circulatiorthe ET spectrum. The TOMRAD RT model compared well
that would not normally be present. This increased polewardwvith spectral irradiance measurements and the output from
and downward circulation is exacerbated in YWORLD  other RT models run during the International Photolysis Fre-
AVOIDED simulation by the additional ozone losses. The quency Measurement and Model Intercomparison campaign
opposite situation is found in the NH (point D). The plan- (Bais et al, 2003.
etary wave deposition of easterly momentum is reduced in Figurel4displays the flux as a function of wavelength for
the upper stratosphere, reducing the poleward and downwar@i980, 2040, and 2065. The vast majority of the UV increase
circulation. The small horizontal and vertical gradients of occurs at wavelengths less than 310 nm. Fidirshows the
mean age-of-air in the middle-to-upper stratosphere lead teatio of the 2000, 2020, 2040, and 2065 UV flux to the 1980
only small changes of age in these regions. UV flux. At wavelengths below 308 nm the UV flux has more
than doubled by 2065, and the flux has increased by a fac-
tor of 1000 for wavelengths less than 291 nm. At 280 nm in
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Fig. 14. UV flux (Wm—2nm1) is shown for theWORLD
AVOIDED simulation in 1980, 2040, and 2065 (thick black lines).
The UV flux is calculated using the July 360° N zonal-mean
ozone and temperature profiles, and assuming a time of local noo
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Fig. 16. UV index versus year for th&/ORLD AVOIDED(black),
Feference futurgred), andfixed chlorine(green) simulations. As

on 2 July. The thick grey line shows the erythemal (sunburn) actionyith Fig. 14, the UV index is calculated using the July°3&0° N

spectrum (right hand axis). The thin darker grey line shows UV flux
at the top of the atmosphere.
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Fig. 15. The ratio of the UV flux (from Figl14) for 2000, 2020,
2040, and 2065 to its value in 1980. The horizontal grey lines in-
dicate a doubling and a factor of 1000 from the 1980 conditions.

zonal-mean ozone, and assuming a time of local noon on 2 July. The
standard UV index “risk” scale is also superimposed on the bottom

left. The horizontal grey line shows the 1975-1985 average of the

UV index from thefixed chlorinesimulation.

20min. The mid-summer period has the highest UV index
over the course of the year. The differences betweerethe
erence futureandfixed chlorinesimulations show increases
on the order of 5-10% by 2000. TAWYORLD AVOIDED
simulation has the UV index nearing 15 by 2040 and exceed-
ing a value of 30 by 2065. This extreme value of the UV
index would reduce the perceptible sunburn time from ap-
proximately 15 min to about 5min. The UV index values
also increase by 2065 to large values at both the eqator (33
in early March) and SH midlatitudes (35 at 40 S for mid-
January).

These extreme UV increases would also lead to large in-
creases of skin cance8lgper et al.1996. In the same man-
ner as estimating the UV index, we apply a DNA damage
action spectrum to our UV spectrum calculatiosetlow
1974. The DNA damaging UV for the NH midlatitudes in-

The vertical lines indicate where the 2065 curve crosses these tw§€ases by approximately 550% between 1980 and 2065.

levels.

2065, theWORLD AVOIDEDUV flux is 10° times stronger
than the 1980 flux level (off scale).

We have calculated the UV index for midlatitude NH
conditions in mid-summer (a relatively densely populated
zone on the globe). Figurks shows this UV index for the
WORLD AVOIDEDreference futurgandfixed chlorinesim-
ulations. For mid-summer clear-sky conditions, the UV in-
dex is normally very high at local noon; with a typical time

8 Summary

In this study we have simulated the effects on the stratosphere
of a steady growth of ozone-depleting substances and com-
pared those results to the normal expectations of the evolu-
tion of the stratosphere in the 21st century. As was suggested
by the originalMolina and Rowland1974 study on CFCs

in the stratosphere, large concentrations of ODSs in the at-
mosphere would have virtually destroyed the majority of the

to produce a perceptible sun burn (type Il skin) of about 10—ozone layer by 2065 (global annual average lossg3%).

Atmos. Chem. Phys., 9, 2113128 2009
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Very large ozone losses are computed at all latitudes irthus tropospheric ozone changes are not discussed in this
the stratosphere of ti&@ORLD AVOIDEDsimulation. The study. Because tropospheric ozone is not explicitly mod-
largest losses in both percentage and Dobson Units are in theled, the radiative forcing on the troposphere of tropospheric
polar latitudes. However, surprisingly large losses also oc-0zone is not correct. Since the tropospheric climage changes
cur in tropical latitudes as a result of heterogeneous chemiare not correctly simulated, the complete tropospheric ef-
cal processes that occur in the 2052—2058 period. This “polafect on the stratosphere is not correctly simulated (e.g., the
chemistry” in the tropics begins to appear in the lower strato-changes in vertical wave propagation from the troposphere
sphere as a consequence of cooling resulting from increasei the stratosphere). Third, since the tropospheric chemistry
vertical lifting. is not modeled, the simulated surface UV changes are lim-

Most of the ozone depletion occurs in the lower strato-ited to those only caused by the stratosphere. Fourth, the
sphere (12-24km) and the upper stratospherd2(km). GEOSCCM is forced by scenario estimates of surface mix-
Losses inside the polar vortex in both hemispheres exceeihg ratios of both greenhouse gases and CFCs. The increased
90% by 2065. At 20 km, annual average tropical levels arestratospheric circulation will shorten the lifetimes of CFCs.
reduced by 80%. Ozone losses in the upper stratosphere eXhe increased UV that penetrates to the troposphere might
ceed 60%. Middle stratosphere ozone losses are smaller, butcrease the hydroxyl radical, increasing the oxidizing capac-
still greater than 40%. ity of the troposphere and thereby shortening the lifetimes of

As in current observations, the largest losses occur in thegases such as GHand HCFCs. Hence, feedback of the UV
spring polar regions. Over Antarctica, the ozone hole devel-and circulation would affect the evolution of both climate and
ops quickly in the 1980-2000 period, with somewhat slowerozone depleting gases.
t_ren(?is after 2000 as a result of the complete ozone deStruCAcknowIedgementsThis work was supported under the NASA
tion in the lower stratosphe_re. October_ coIL_Jmn values_ drOpAtmospheric Chemistry Modeling and Analysis Program and
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to values of about 60DU by 2065 (85% loss). By 2040, simulations were performed on NASA's Columbia platform using
the SH stratosphere ozone values are so low that interarresources provided by NASAs High-End Computing initiative. We
nual variability of the dynamics and transport has virtually are also grateful for the helpful comments provided by David Fahey
no impact on total ozone, such that the total ozone internanand several reviewers.
nual variability is near zero. In the Arctic, ozone declines are
more linear with April total ozone dropping from values near Edited by: M. Dameris
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